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Hepatitis	 C	 virus	 (HCV)	 is	 predominantly	 transmitted	 be-
tween	persons	who	inject	drugs.	For	this	population,	global	
prevalence	 of	 HCV	 infection	 is	 high	 and	 incarceration	 is	
common	and	an	 independent	 risk	 factor	 for	HCV	acquisi-
tion.	 To	 explore	 HCV	 transmission	 dynamics	 in	 incarcer-
ated	populations,	we	 integrated	virus	sequences	with	 risk	
behavior	and	spatiotemporal	data	and	analyzed	 transmis-
sion	clusters	among	prisoners	in	Australia.	We	detected	3	
clusters	of	 recent	HCV	 transmission	 consisting	of	 4	 likely	
in-custody	 transmission	 events	 involving	 source/recipient	
pairs	located	in	the	same	prison	at	the	same	time.	Of	these	
4	events,	3	were	associated	with	drug	injecting	and	equip-
ment	sharing.	Despite	a	large	population	of	prisoners	with	
chronic	HCV,	recent	transmission	events	were	identified	in	
the	prison	setting.	This	ongoing	HCV	transmission	among	
high-risk	prisoners	argues	for	expansion	of	prevention	pro-
grams	to	reduce	HCV	transmission	in	prisons.

Hepatitis C virus (HCV) is a blood-borne virus that in-
fects 3–4 million persons each year (1). In industrial-

ized countries, transmission of HCV is largely attributed to 
injection drug use (2). The association between injection 
drug use, HCV infection, and imprisonment is very close 
(3). People who inject drugs (PWID) account for a large 
proportion of the incarcerated population in the United 
States, Canada, Europe, and Australia (4–7), and injection 
drug use is prevalent during incarceration (8,9). Globally, 
the prevalence of HCV infection among prisoners is ≈30%  
(10,11). A meta-analysis of 30 studies conducted in dif-
ferent countries revealed a clear association between the 
prevalence of HCV infection among prisoners and a history 
of injection drug use (6).

A recent meta-analysis of HCV incidence studies 
among prisoners revealed a mean incidence of 16.4 (95% 
CI 0.8–32.1) cases per 100 person-years (11). We recently 

documented incidence of 14.1 (95% CI 10.0–19.3) cases 
per 100 person-years in 37 prisons in New South Wales 
(NSW), Australia, and identified recent injection drug use 
and Aboriginal and Torre Strait Islander descent as inde-
pendent risk factors for HCV seroconversion (12). This 
analysis also identified high prevalence of injection drug 
use and sharing of injecting equipment in prisons (12). Fur-
thermore, 13 incident cases were identified in a subcohort 
of 114 prisoners continuously imprisoned (i.e., without re-
lease to the community) during the study period (incidence 
10.3 cases/100 person-years).

Prisons can be regarded as an enclosed network of 
facilities within which prisoners are frequently moved. In 
NSW, prisoners are often transferred between prisons (e.g., 
because of changes in prisoner security classifications) and 
temporarily moved for brief periods (e.g., to go to court 
or obtain medical treatment). In addition, prison sentences 
in Australia are typically short (average 7–9 months), but 
reincarceration rates are high (13).

The HCV genome evolves rapidly by mutations caused 
by highly error-prone replication mechanisms, which gen-
erate a swarm of constantly evolving variants (quasispe-
cies) during every infection (14). HCV is classified into 7 
genotypes and 67 subtypes (15). At the nucleotide level, 
each virus subtype differs by up to 25% and genotypes dif-
fer by up to 33% (16). The hypervariable region (HVR) of 
the HCV genome is the most variable; hence, this region 
is commonly used in molecular epidemiologic studies to 
detect clusters of persons infected via recent transmission 
events (17). We used sequences covering envelope (E) 1 
and partial E2 (HVR1). 

Acute HCV infection is largely asymptomatic; hence, 
the precise timing and source of transmission are usually 
unknown. Accordingly, virus sequencing and phylogenet-
ic analysis have been used to reconstruct probable trans-
mission chains from prevalent cases (18–20). Although 
broad linkages between HCV-infected persons have 
been demonstrated, previous efforts to identify probable  
transmission pairs among infected persons by using a 
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combination of social network information and phyloge-
netic analysis techniques suggested that social and genetic 
distances were only weakly associated (21). By contrast, 
a recent report from a study that used this same approach 
among both prevalent and incident (newly infected) 
case-patients, identified probable clusters evidenced 
by proximity of social network and clustering analysis  
of core HCV sequences in a community-based cohort of 
PWID (22).

Our study used an integrated analysis of molecular, 
epidemiologic, and spatiotemporal data from a well-char-
acterized cohort of longitudinally followed PWID. We 
used incident case detection in prisons to identify clusters 
of recent HCV transmission.

Methods

Hepatitis C Incidence and Transmission Study 
The Hepatitis C Incidence and Transmission Study in Pris-
ons (HITS-p) is a prospective study of a cohort of 498 pris-
oners with a history of injection drug use recruited from 37 
prisons in NSW during 2005–2012 (12,23,24). At the time 
of preenrollment screening, all HITS-p participants were 
not infected with HCV; 181 subsequently became infected 
(12,23,24).

Study Cohort
For our study, we considered a HITS-p subset of 79 prison-
ers infected with HCV genotype 1 or genotype 3 for which 
HCV E1-HVR1 sequences were available. At ≈6-month 
intervals during participants’ incarceration, we collected 
demographic information, lifetime and follow-up risk be-
havior data, and blood samples for HCV serologic and vi-
rologic testing (12,23,24). These data were collected by a 
trained research nurse whose employment was independent 
of the prison system (12).

HCV Testing and Estimated Date of Infection
Blood samples were tested for presence of HCV RNA 
and antibodies as described elsewhere (12,23,24). For 
participants who had seroconverted at the incident time 
point (the time of sampling when a person is found to 
have already seroconverted), the date of infection was es-
timated as the midpoint between the first HCV antibody–
positive and the last HCV antibody–negative test result.  
For participants who were HCV RNA positive but HCV 
antibody negative at the incident time point, the date of 
infection was estimated to be 51 days before the date  
of sampling (25).

Statistical Analyses
We used t-tests (for continuous variables) and χ2 tests  
(for categorical variables) to compare the demographic 

characteristics and risk behavior of newly infected partici-
pants with those of noninfected participants (significance 
level = 0.05). We used the Wilcoxon rank-sum test to as-
sess differences in number of movements.

Sequencing of the E1-HVR1 
The region encoding the last 171 bp of core, E1, and HVR1 
(882 bp [nt 723–1604]) was compared with HCV strain 
H77 (GenBank accession no. AF009606). These sequences 
were then amplified by nested reverse transcription PCR as 
described elsewhere (26). 

Phylogenetic Analysis
ClustalW (implemented in MEGA 5.2.1 [27]) was used 
for alignment of genotypes 1 and 3 E1-HVR1 sequences. 
Alignments were visually inspected and manually edited. 
The HKY model with gamma distribution and a proportion 
of invariable sites was selected as the best-fit evolutionary 
model by using JModelTest (28). Separate phylogenetic 
trees for the genotype 1 and genotype 3 alignments with 
a maximum-likelihood approach were generated by using 
PhyML (29). To check for the robustness of the trees, we 
performed a 1,000-bootstrap test.

Clustering Analyses
Clusters of recent HCV transmission were detected by us-
ing PhyloPart (30), a software program that identifies ge-
netically related sequences from a given tree by use of a 
statistical algorithm based on analysis of pairwise patristic 
distances (the amount of change between any 2 sequenc-
es as depicted by the branch lengths in a phylogenetic 
tree). PhyloPart considers any subtree as a cluster if the  
median pairwise patristic distance among its members is 
below a set percentile threshold of the distribution of all 
pairwise patristic distances in the given tree (online Tech-
nical Appendix, http://wwwnc.cdc.gov/EID/article/21/5/ 
14-1832-Techapp1.pdf).

Validation Analyses of Clusters of Recent  
HCV Transmission
Records for each participant (consisting of time, date, 
and location of entry and exit from each prison) during 
2005–2012 were obtained from the NSW Department of 
Corrective Services. Recent HCV transmission events were 
validated by integrating the estimated date of infection, in-
carceration time and location, and the reported risk behav-
ior of participants during follow-up in each of the phyloge-
netically designated clusters.

For each cluster of cases indicating recent transmis-
sion, potential transmission pairs (source and recipient) 
are identified as any 2 participants co-located in the same 
prison for at least 24 hours. The source was identified as 
the participant with an estimated date of infection earlier 
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than the time of co-location with the other participant. The 
recipient was identified as the participant who was HCV 
antibody negative before co-location and who became 
HCV antibody positive within 12 months after co-location 
with the source participant. Clusters of >2 participants were 
considered valid with the identification of at least 1 trans-
mission pair.

Risk behaviors (assessed prospectively during inter-
views at 6-month intervals) were available for the HITS-p 
cohort and included injection drug use and other blood-to-
blood contact but excluded risks associated with sexual be-
havior (12). Information about drug injection and sharing 
of injecting equipment were obtained “since coming into 
prison” or “since the last interview” in association with 
“injected drugs,” “frequency of injecting drugs,” “use of 
injecting equipment after someone else,” and “frequency 
of use of injecting equipment.” 

Results

Participants
From 181 newly infected participants (incident case-par-
ticipants) in the HIT-P cohort, 102 were excluded from 
the study because they were infected with an HCV geno-
type other than 1 or 3. The study cohort thus comprised 79 
viremic incident case-participants. Most (49 [62%]) par-
ticipants were male, mean ± SD age was 28 ± 7.2 years, 
18 (23%) were of Aboriginal and Torre Strait Islander 
descent, and 61 (77%) had completed <10 years of for-
mal education. The study cohort included 69 (87%) par-
ticipants who had been previously imprisoned, and most 
had lifetime risk factors for blood-borne virus acquisi-
tion at baseline (Table 1). No significant differences in  
demographics and lifetime risk behaviors were found be-
tween the 79 study cohort participants and the 317 non-
infected HITS-p cohort participants, other than previous 

imprisonment and having ever injected drugs while in 
prison (Table 1). There were no significant differences 
between the 79 study cohort participants and the 102 ex-
cluded infected participants (Table 1).

Phylogenetics
A total of 129 sequences of E1-HVR1 were obtained from 
the 79 participants; 26 participants were infected with 
HCV genotype 1a, 5 with genotype 1b, 44 with HCV geno-
type 3a, and 4 with HCV genotypes 1a and 3a at different 
times. These reinfection cases were included in both the 
genotype 1 and genotype 3 analyses with the correspond-
ing genotype-specific sequences. For participants infected 
with genotype 1, sequences were available from 1 viremic 
time point for 19 participants, from 2 time points for 10, 
and from 3 time points for 6. For participants infected with 
genotype 3, sequences were available from 1 viremic time 
point for 28 participants, from 2 time points for 15, and 
from 3 time points for 5. Phylogenetic trees were construct-
ed for the genotype 1 and genotype 3 E1-HVR1 sequences 
(Figure 1).

Clustering 
The optimal cutoff patristic distance designating recent 
transmission clusters was determined first by investiga-
tion of a range of percentile thresholds from the distri-
bution of pairwise patristic distances (online Technical 
Appendix Methods). As expected at the minimum percen-
tile value, only within-participant clusters were detected, 
while at the maximum, all sequences for each genotype 
were included in a single between-participant cluster (Fig-
ure 2). On this basis, the chosen cutoff patristic distance 
for designation of between-participant clusters was 0.099 
for genotype 1 and 0.095 for genotype 3 (corresponding 
to 0.034 and 0.022 nt substitutions/site in the E1-HVR1 
region, respectively).

 
Table 1. Demographic	characteristics	and	lifetime	risk	behavior	of	prisoners	in	New	South	Wales,	Australia,	2005–2012* 

Characteristic 
Infected	prisoners/ 
study	cohort,	n	=	79† 

Noninfected	
prisoners,	n	=	317 p	value‡ 

Infected	prisoners	
excluded,	n	=	102§ p	value¶ 

Mean	( SD)	age,	y	 28	(7.2) 28	(7.0) 0.71 26	(6.5) 0.13 
Median	( SD)	time	since	initiation	 
of	injecting,	y 

6.5	(6.3) 7	(6.3) 0.81 7	(6.1) 0.60 

Male	sex 49	(62) 216	(68) 0.41 60	(59) 0.78 
Aboriginal	and/or	Torres	Strait	Islander	 18	(23) 58 (18) 0.44 37	(36) 0.07 
>10	y	of	education 61	(77) 238	(75) 0.73 84	(82) 0.50 
Previously	imprisoned 69	(87) 215	(68) 0.001 77	(75) 0.07 
Ever	had	a	tattoo 58	(73) 228	(72) 0.84 74	(73) 1 
Ever	injected	drugs	in	prison 26	(33) 67	(21) 0.04 42	(41) 0.33 
Ever	shared	injecting	equipment	in	prison 23	(29) 61	(19) 0.06 37	(36) 0.43 
*Data	are	expressed	as	no.	(%)	unless	otherwise	indicated.	HITS-p,	Hepatitis	C	Incidence	and	Transmission	Study	in	Prisons. 
†Study	cohort	=	viremic	participants	from	the	HITS-p cohort. 
‡2-sided	comparison	of	participants	from	the	study	cohort	and	noninfected	participants	from	the	HITS-p	cohort. 
§102	prisoners	were	excluded	because	they	were	infected	with	an	HCV	genotype	other	than	1	or	3. 
¶2-sided	comparison	of	participants	from	the	study	cohort	and	infected	participants	excluded	from	the	study. 
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To assess the effect of the time interval between sam-
pling points on the distribution of pairwise patristic dis-
tances, and hence the designated thresholds, we studied the 
relationship between the time of collection and the pair-
wise patristic distance between all the sequences available 
for the study cohort (longitudinally within-participant and 
between-participant). The pairwise patristic distances be-
tween hosts was independent of the time interval (Figure 
3). The degree of viral divergence reflected by patristic dis-
tances among sequences from within the same participant 
increased with the time interval between the collection time 
points. Within the time window analyzed (up to 4 years), 
within-participant genetic distances remained smaller than 
those from between-participant pairs. Only a small pro-
portion of the between-participant genetic distances were 
within the range of within-participant pairs.

Further validation analyses including sequences from 
a single-source HCV outbreak (online Technical Appendix 
Results 1) showed that within-participant evolution could 
generate patristic distances greater than those observed be-
tween the sequence of the source and infected recipients 
when collected up to 23 years after transmission. However, 
the median distribution of these distances revealed that  

between-participant distances were significantly higher 
than within-participant differences.

Last, to assess the potential effect of virus diversity 
within the quasispecies of a single-source host and the po-
tential transmission of a minor variant to a new recipient, 
the distribution of pairwise patristic distances between all 
E1-HVR1 variants within the quasispecies from 2 time 
points collected over 1 year from 2 participants followed 
from primary HCV infection was analyzed to a sensitiv-
ity of variants representing 1% of the quasispecies (on-
line Technical Appendix Results 2). Again, the maximum 
within-participant genetic distance within the quasispecies 
did not exceed the genetic distances between consensus se-
quences identified in between-participant analyses.

Clusters of Recent Transmission and  
Spatiotemporal Validation
One cluster of recent transmission was detected among 
57 genotype 1 sequences (Figure 1, cluster A). This clus-
ter consisted of 3 participants (nos. 117, 461, and 315); 
median pairwise patristic distance was 0.058. Two clus-
ters were detected among genotype 3 sequences. The first 
(Figure 1, cluster B) consisted of 2 participants (nos. 304 

Figure 1.	Phylogenetic	trees	
composed	of	129	sequences	
from	79	participants	infected	with	
hepatitis	C	virus	genotypes	(gt)	
1a,	1b,	or	3a,	New	South	Wales,	
Australia,	2005–2012.	Names	
on	the	tips	of	the	tree	represent	
participant	identification	numbers	
and	are	followed	by	the	sample	
collection	date.	Each	phylogenetic	
tree	was	generated	separately	
from	a	maximum-likelihood	model	
by	using	an	HKY	substitution	
model	with	gamma	distribution.	
Bootstrap	values	are	>80%	
for	all	branches	of	identified	
transmission	clusters.	Bootstrap	
values	between	branches	
representing	sequences	from	the	
same	host	were	lower	than	those	
between	host	branches.	Identified	
transmission	clusters	are	labeled	
with	symbols.	Scale	bars	indicate	
nucleotide	substitutions	per	site.
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and 357); median pairwise patristic distance was 0.011. 
The second cluster (Figure 1, cluster C) consisted of 2 
participants (nos. 426 and 302); median pairwise pa-
tristic distance was 0.090. Two more clusters were de-
tected just above the designated patristic distance cutoff  
(online Technical Appendix Results 3). The estimated 
date of infection, incarceration time and location, and re-
ported risk behavior for each cluster member were ana-
lyzed to provide convergent evidence for likely transmis-
sion events (Table 2).

These dynamic participant movements were recon-
structed for each transmission cluster. In cluster A, HCV 
was likely to have been transmitted from participant 315 
to participants 117 and 461 (Figure 4). The estimated date 
of infection with genotype 1a for participant 315 was Oc-
tober 30, 2007; this participant had been in the same pris-
on as participant 117 for 22 days (December 31, 2007–
January 22, 2008). Both participants reported injecting 
drugs and sharing injecting equipment during the period 
of co-location. Participant 117 was then found to be vire-
mic with genotype 1a in a sample obtained on August 20, 
2008, giving an estimated date of infection of February 
27, 2008. In another likely transmission event, participant 
315 had been in the same prison with participant 461 on 2 
occasions: for 13 days (June 29–July 11, 2008) and for 9 
days (September 24–October 1, 2008). Both participants 
reported injecting drugs and sharing injecting equipment  

during the period of co-location. Participant 461 was 
then found to be viremic with genotype 1a according 
to a sample dated November 3, 2008; estimated date of 
infection was October 6, 2008 (Video 1, http://wwwnc.
cdc.gov/EID/article/21/5/14-1832-F1.htm). In transmis-
sion cluster B, HCV was likely to have been transmitted 
from participant 304 to 357. Estimated date of infection 
with genotype 3 for participant 304 was March 17, 2007; 
this participant had been in the same prison with partici-
pant 357 for 28 days, October 26–November 23, 2007. 
Both participants reported injecting drugs (although par-
ticipant 304 did not report sharing injecting equipment) 
during the period of co-location. Participant 357 was 
then found to be viremic with genotype 3 according to 
a sample dated April 17, 2009; estimated date of infec-
tion was September 11, 2008 (Video 2, http://wwwnc.
cdc.gov/EID/article/21/5/14-1832-F2.htm). In transmis-
sion cluster C, HCV genotype 3 was likely to have been 
transmitted from participant 302 to participant 426. Esti-
mated date of infection for participant 302 was May 22, 
2005; this participant had been in the same prison with 
participant 426 for 9 days, December 9–18, 2008. Both 
participants reported injecting drugs and sharing injecting 
equipment during this period of co-location. Participant 
426 was then found to be viremic according to a sample 
obtained on July 9, 2009; estimated date of infection was 
December 21, 2008 (Video 3, http://wwwnc.cdc.gov/EID/ 

Figure 2.	Analysis	of	hepatitis	C	virus	transmission	clusters	identified	across	a	range	of	percentile	thresholds	among	prisoners	in	
New	South	Wales,	Australia,	2005–2012.	Analysis	shows	the	relationship	between	the	number	of	clusters	detected	and	the	percentile	
thresholds	from	the	distribution	of	genetic	distances	generated	by	using	genotype	1	(A)	and	genotype	3	(B)	sequences.	At	the	lowest	
percentile	threshold,	only	clusters	containing	sequences	from	the	same	participant	are	detected	(black	bars).	When	this	threshold	is	
increased,	clusters	of	sequences	from	distinct	participants	arise	(white	bars).
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article/21/5/14-1832-F3.htm). Of note, participant 302 is 
female, and participant 426 is male. Despite the short pe-
riod of co-location, it is unlikely that prisoners of different 
sex could interact directly in the prisons, although shared 
use of a single injection device may have been possible.

Relationship between Phylogenetic Clustering  
and Movement Dynamics
In NSW, a high number of prisoner movements are com-
mon; prisoners are often transferred between correctional 
centers or released to the outside community. During the 
study period (2005–2012), participants from the HITS-p 
cohort were moved to a different location (a prison or the 
outside community) a mean of 17 times (online Techni-
cal Appendix Table 2), and the 79 participants in the study 
cohort moved a mean (± SD) of 22 ± 13.55 times, with a 
mean of 4 ± 2.83 release events. The 7 participants from 
the 3 clusters of recent HCV transmission moved to a dif-
ferent location a mean of 28 ± 15.75 times, a significantly 
greater number of times than for the HITS-p cohort as a 
whole (p = 0.002) and for the subcohort of uninfected par-
ticipants (p<0.001). These differences remained significant 
when movements from one prison to another and release to 
outside community were tested separately (p<0.05 for all).

Discussion
Our molecular epidemiology analysis combined with de-
tailed spatiotemporal and behavioral risk data identified  

several clusters of recent transmission of HCV infec-
tion within NSW prisons. This study shows direct evi-
dence of ongoing HCV transmission among PWID in a  
prison setting.

Previous phylogenetic studies have examined as-
sociations between HCV infection and risk and demo-
graphic characteristics, including injection drug use 
(17,21,22,31,32). Moreover, those studies have defined 
transmission clusters with a threshold value fixed a priori, 
such as a maximum genetic distance of 2%–5% (17), or 
with a bootstrap cutoff value (22). Here, an empirically op-
timized threshold, which can also be larger than the typical 
threshold fixed in previous studies, was used to search for 
clusters of recent transmission exclusively among incident 
case-participants.

Despite a high prevalence of chronic HCV infection 
in prison populations, 3 clusters of transmission were 
identified in phylogenetic analysis of only 79 participants 
with recent HCV infection identified during 2005–2012. 
During this period, ≈20,000 persons were imprisoned 
annually in NSW; HCV antibody prevalence was ≈30% 
(33,34), which equates to ≈4,500 persons with chronic 
HCV infection (assuming 25% of those cleared infection) 
who were imprisoned annually. When discounted for 40% 
recidivism (13), this calculation yields ≈19,000 infected 
prisoners who may have acted as sources for HCV trans-
mission over the study period. In our analysis, the num-
bers of movements were higher among newly infected  

Figure 3.	Analysis	of	pairwise	patristic	distances	between	hepatitis	C	virus	sequences	from	the	same	participant	(within-participant)	
sampled	over	time,	and	from	between	participants	also	sampled	over	time,	among	prisoners	in	New	South	Wales,	Australia,	2005–2012.	
Analysis	shows	pairwise	patristic	distances	as	a	function	of	the	time	interval	between	2	sampling	time	points:	within-participants	(blue	
circles)	and	between-participants	(red	circles)	for	genotypes	1	(A)	and	3	(B).	A)	Blue	circles	represent	data	from	35	participants,	for	a	
total	of	57	sequences;	B)	blue	circles	represent	data	from	49	participants,	for	a	total	of	73	sequences.



	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	21,	No.	5,	May	2015	 771

participants than among noninfected participants, sug-
gesting that transmission is associated with frequent 
movements between prisons and from prison to the out-
side community. Such frequent movements could increase 
the chance of contact with infected persons or could be 
otherwise associated with behavior that puts a person at 
increased risk for HCV transmission.

It is possible that recently infected participants are 
more likely than chronically infected participants to trans-
mit infection (35). This possibility could result from higher 
infectivity of the transmitted founder viruses, which are 
intrinsically adapted for successful transmission and domi-
nate the acute phase of infection (14). In contrast, a high 
circulating viral load is associated with an increased prob-
ability of vertical HCV transmission (36,37). However, in 
our study of PWID, the viral loads (recorded in the blood 
samples close to the time of transmission) in the source 
case-participants in the clusters were only low to moderate 
(data not shown). An alternative explanation is the possi-
bility that these clusters are part of an existing network of 
high-risk PWID across prisons.

The genetic diversity between variants within the 
quasispecies during a single infection can become sub-
stantial because of the high mutation rate of the virus 
and the selection pressures of the host immune response. 
This diversity could influence transmission events be-
cause a minor variant in the source can be preferentially  
transmitted and then dominate the virus population in the 
recipient host. Therefore, consensus sequencing might 
not be sufficient for detection of clusters in which trans-
mission is driven by rare variants. Despite the fact that 

the maximum genetic distances observed within the qua-
sispecies in the selected samples studied here did not 
exceed the mean genetic distance between hosts, it re-
mains possible that additional transmission clusters may 
have become evident had this approach been used for  
all samples.

Our study has several limitations. First, the virus pop-
ulations involved in transmission events occurring several 
months after infection might differ from those involved 
in the acute phase of infection because of the rapid diver-
sification of the virus genome. Therefore, these findings 
may underestimate ongoing transmission in prisons. Sec-
ond, although the viruses infecting persons in the clusters 
were closely related, there is a possibility that unknown 
participants outside the cohort were also part of the trans-
mission chains; hence, the identified recipient could have 
been infected by an intermediary source. This possibility 
may be relevant to probable indirect transmission of HCV 
from a female participant to a male participant in cluster C 
because male and female prisoners are segregated in pris-
ons in Australia. Third, because the proposed method uses 
information collected only during incarceration, data on 
injecting and sharing behavior in the outside community  
were not available. Indeed, only 20 (25%) prisoners in 
the study cohort were continuously imprisoned in the 6 
months before the estimated date of infection. Finally, 
risk behavior could have been underestimated because of 
the underreporting of sensitive and socially stigmatized 
behavior during interviews.

From a global perspective, public health control pro-
grams have had relatively limited effects on mitigating 

 
Table 2. Probable	HCV	transmission	events	identified	by	using	phylogenetic	analysis,	spatiotemporal	information,	and	risk	behavior	
information,	New	South	Wales,	Australia,	2005–2012* 

Cluster 

Transmission,	
participant	ID	

no. 
Period	of	

co-location 
Prison 

ID† 
Patient 

ID 

Estimated 
date	of	

infection 
HCV	

genotype ATSI 
Continuously	
in	prison‡ 

Equipment	
sharing§ OST§ 

Heroin	
use§ 

A 315	 117 2007	Dec	
31–2008	
Jan	22 

AT 315 2007	Oct	
30 

1a No Yes Yes No No 

    117 2008	Feb	
27 

1a No No Yes No Yes 

 315	 461 2008	Jun 
29–Jul	11 

AE 3 15 2007	Oct	
30 

1a No Yes Yes No No 

  2008	Sep	
24–Oct	1 

 461 2008	Oct	6 1a No No Yes No Yes 

B 304	 357 2007	Oct	
26–Nov	23 

AB 304 2007	Apr	
17 

3a No No No No No 

    357 2008	Nov	
11 

3a No Yes Yes No Yes 

C 302	 426 2008	Dec	
9–18 

AP 302§ 2005 May	
22  

3a Yes No Yes No No 

    426 2008	Dec	
21 

3a Yes No Yes Yes No 

*All	prisoners	were	injection	drug	users	during	the	period	of	co-location.	ATSI,	Aboriginal	and/or	Torres	Strait	Islander	descent;	HCV,	hepatitis	C	virus;	ID,	
identification;	OST,	opioid	substitution	therapy. 
†Prisons are identified by codes for de-identification	purposes. 
‡Continuously	in	prison	6	mo	before	estimated	date	of	infection. 
§Female	patient.	All	others	were	male. 
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HCV transmission. The analysis of the HITS-p cohort 
showed that opioid substitution therapy uptake reaches 
only 20% of the population (12,24), despite 64% report-
ing having ever injected heroin. A recent study on a co-
hort of PWID in NSW has identified a strong protective 
effect of opioid substitution therapy (38). The combination 
of needle and syringe exchange programs and opioid sub-
stitution therapy programs is the most effective approach 
for mitigating HCV transmission, reducing incidence by 
a substantial amount (30%–80%) (39,40). However, nee-
dle and syringe exchange programs remain prohibited in 
NSW prisons. By identifying ongoing HCV transmission 
in prisons, this study advocates for new strategies for re-
ducing risk behavior, such as increasing opioid substitution 
therapy use and eventually introducing needle and syringe 
programs in prison settings.

The HITS-p investigators include Kate Dolan, Paul Haber, 
William Rawlinson, Carla Treloar, Greg Dore, Lisa Maher, and 
authors Andrew Lloyd and Fabio Luciani.
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Transmission of Hepatitis C Virus among 
Prisoners, Australia, 2005–2012 

Technical Appendix 

Methods 

Algorithm for the detection of a recent transmission cluster based on pairwise patristic distance 

analysis. 

Clusters of recent HCV transmission were detected using PhyloPart (1). This software 

detects clusters of genetically-related sequences from a given tree using a statistical algorithm 

based on an analysis of pairwise patristic distances which correspond to the amount of genetic 

change between any two sequences as depicted by the branch lengths in a phylogenetic tree (2). 

PhyloPart detects any sub-tree as a cluster, if the median pairwise patristic distance among its 

members is below a set percentile threshold. The percentile threshold is an adjustable parameter 

that is defined as the nth percentile of the whole-tree pairwise patristic distance distribution. 

For this analysis, the following algorithm was applied separately on gt1 and gt3 trees to 

detect clusters of recent HCV transmission: 

1.  Consider a phylogenetic tree of E1-HVR1 sequences. 

2.  From the distribution of clusters estimated via PhyloPart, identify the range of 

percentile thresholds, which allows detection of clusters containing sequences 

from 2 or more subjects, regarded as potential between-host clusters. 

3.  Define the minimum percentile threshold as that for which only clusters 

containing sequences from the same subject (within-host clusters) are detected. 

Also, define the maximum percentile threshold as the value at which all 

sequences constitute a single between-host cluster. 

4.  Identify empirically a cut-off pairwise patristic distance defined as the maximum 

pairwise patristic distance from longitudinal within-host sequences in the analysis 

http://dx.doi.org/10.3201/eid2105.141832
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cohort. In order to do this, the evolution between pairs of sequences as shown by 

pairwise patristic distances over time in longitudinal samples was considered. 

5.  Identify a clustering threshold by implementing a search algorithm starting from 

the identified minimum percentile threshold value and increasing its value by 

0.001. For each incremental step, consider the median pairwise patristic distance 

of each between-host cluster detected. If all the median patristic distances of the 

detected between-host clusters are less than or equal to the cut-off pairwise 

patristic distance, then increase the percentile threshold and identify the new set 

of between-host clusters. If the median pairwise patristic distance of any of the 

clusters is above the cut-off pairwise patristic distance then regard the previous 

threshold (current threshold - 0.001) as the optimal clustering threshold. 

6.  Identify between-host clusters detected using the optimal clustering threshold 

(identified in 5) as likely clusters of recent HCV transmission. 

The pairwise patristic distances that allowed detection of between-host clusters was 

examined starting at 0.001 and ending at 0.48 for gt1 and 0.5 for gt3, respectively. The lower 

value was defined as the minimum percentile threshold where only within-host clusters were 

detected, while the upper values were defined as the maximum percentile thresholds where all 

sequences were included in a single between-host cluster (Figure 2 in main article text). The 

optimal cut-off patristic distance representing recent transmission clusters was determined firstly 

by consideration of longitudinally collected within-host sequences representing a measure of the 

rate of within-host diversification of HCV genomes. The maximum pairwise patristic distances 

calculated among within-host sequences was 0.099 for gt1 and 0.095 gt3; hence these values 

were utilised as the cut-off for designation of between-host clusters. 

Results 

1: Analysis of a single source outbreak of HCV transmission. 

The evolution of genetic diversity that arises over time from a single source outbreak was 

also examined. To do this, publicly available consensus sequences from a cohort of Irish women 

(n=10) infected with gt1b HCV from a single donor via blood transfusion was utilised (3). One 

consensus sequence was obtained from the source in 1977, and one consensus sequence was 
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obtained from each of the ten recipients at two later timepoints, in 1996 and 2000. A 

phylogenetic tree was generated using the E1-HVR1 sequences including both the infected 

recipients and the source. The pairwise patristic distances was measured between all sequences 

from the resulting tree and portrayed in relation to the time interval between the sampling time 

points. 

Pairwise patristic distances between Core-NS3 (thus including E1-HVR1) sequences 

from longitudinal samples of the Irish cohort were obtained via phylogenetic analysis (Technical 

Appendix Figure 1 A). The pairwise patristic distance between the source and recipient gt1b 

sequence pairs collected 19 years after the transmission events ranged up to 0.30 (median: 

0.018), and was up to 0.027 (median: 0.021) over a 23-year gap (Technical Appendix Figure 1 

B). The patristic distance between within-host sequence pairs from the infected recipients in the 

Irish cohort reached a maximum of 0.044 (median: 6.11E-03) within a 4-year period, while the 

patristic distance between any two different recipients in the Irish cohort reached a maximum of 

0.049 (median: 0.031) within a 4-year period (Technical Appendix Figure 1 C). 

These values indicate that pairwise patristic distances in the Irish cohort were much less 

than the cut-off pairwise patristic distances identified for gt1 and gt3 in the analysis cohort. It 

should be noted however, that two between-host sequence pairs (subjects 117 and 461 from 

transmission Cluster A, and subjects 304 and 357 from transmission Cluster B) exhibited similar 

patristic distances to those found among the Irish cohort samples. 
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Technical Appendix Figure 1. Phylogenetics and patristic distances analyses of HCV sequences from 

the Irish cohort. Panel A shows the unrooted phylogenetic tree generated from a maximum likelihood 

model using a HKY substitution model with gamma distribution. Names on the tips of the tree represent 

the subject ID followed by the sample collection year. The branch lengths reflect the genetic diversity 
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between sequences. Within host evolution shows a more closely related viruses when compared to 

genetic distances between sequences form different recipient. Panel B shows the evolution of the 

distribution of patristic distances between sequences from the single source and the recipients at two 

sampling time points (19 and 23 years post-infection). The distribution of patristic distances between the 

source sequence sampled in 1977 and any recipient sequence sampled in 1996 (19 years apart) ranges 

from 0.012 to 0.030 while the distribution of patristic distances between the source sequence sampled in 

1977 and any recipient sequence sampled in 2000 (23 years apart) ranges from 0.011 to 0.027. Panel C 

shows the evolution of sequences sampled within host and between hosts in two timepoints (4 years 

apart). The patristic distance of sequences between two different hosts sampled in 1996 and 2000 ranged 

from 0.012 to 0.050 while the patristic distance between sequences within-host sampled in 1996 and 

2000 ranged from 2.60E-07 to 0.044. 

2: Analysis of rare variants from within-host viral quasispecies 

The amount of genetic diversity within the quasispecies of a single subject was 

investigated. This was done to account for potential influence on transmission of a minor viral 

variant from within the quasispecies of the source to the recipient. An HCV transmission event 

may plausibly select randomly from any of the circulating variants within the quasispecies to 

establish the transmitted-founder in the recipient host. Hence, it is feasible that the genetic 

diversity between a source and a recipient may reflect the maximum diversity within the 

quasispecies of the source. This was done by analysing deep sequencing data in the E1-HVR1 

regions from two subjects (subjects 023 and 240). Sequences of circulating variants at two time 

points from acute infection until two years post-infection were obtained via next-generation 

sequencing as described (4). From these data, unique HCV variants at a frequency of at least 1% 

within the viral population (i.e., the quasispecies) were considered for further analysis. This 

resulted in an average of 15-20 variants in the E1-HVR1 regions per time point. For each subject, 

a phylogenetic tree was then generated and the pairwise patristic distances between all sequences 

from the resulting tree were analysed in relation to the time interval between the two sampling 

time points for each subject. 

To address the extent of viral diversity within a single host and the impact of 

transmission of a ‘diverse’ minor variant, the distribution of pairwise patristic distances between 

E1-HVR1 variants within the quasispecies in samples collected at two timepoints within one 

year post-infection from two subjects with primary HCV infections which became chronic 

(subject 023 and 240). Deep sequencing data were available for these two subjects (4), with 
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frequencies as low as 1% in the viral population. Using these data, separate phylogenetic trees 

were constructed for the two subjects (Technical Appendix Figure 2 A and B). For subject 023, a 

maximum patristic distance of 0.033 (median: 0.015) was observed among 7 variants appearing 

at frequencies between 1% and 36% at 36 days post infection. Meanwhile, a maximum patristic 

distance of 0.028 (median: 0.013) was observed among 9 variants appearing at frequencies 

between 1% and 20% at 167 days post infection (Technical Appendix Figure 2 C). Similarly, for 

subject 240, pairwise patristic distances showed a maximum patristic distance of 0.003 (median: 

1.43E-03) among four variants appearing at frequencies between 1% and 69% at 44 days post 

infection. Meanwhile, a maximum patristic distance of 0.021 (median: 6.8E-03) was observed 

among 10 variants appearing at frequencies 1% to 42% at 249 days post infection (Technical 

Appendix Figure 2 D). This result indicates that the maximum genetic distance observed within 

the host does not exceed the mean genetic distance between consensus sequences identified in 

between-host analyses. 
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Technical Appendix Figure 2. Analysis of viral quasispecies of two HITS-p subjects (023 and 240) 

followed longitudinally with deep sequencing analysis of HCV genome. Panel A shows an unrooted 

phylogenetic tree generated from a maximum likelihood model using a HKY substitution model with 

gamma distribution on 16 sequences from subject 023. Sequences are obtained from two time points (36 

and 167 days post-infection, respectively) representing circulating quasispecies at frequency above 1% in 

the population. Names on the tips of the tree represent the quasispecies ID followed by the frequency of 

the quasispecies and the days post-infection. Panel B: phylogenetic tree from 14 sequences from subject 

240 obtained from two time points (44 and 249 days post-infection, respectively). Panel C, and D depict 
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the distribution of pairwise patristic distance between variants in the viral quasispecies at each time-points 

for subjects 023 and 240, respectively. In subject 023 the distribution of patristic distances ranges from 

0.004 to 0.033 at an estimated 36 days since infection, and from 0.003 to 0.028 at an estimated 167 days 

since infection. For subject 240 (Panel D) the distribution of patristic distances between the variants in the 

viral quasispecies ranges from 2.30E-07 to 0.003 after an estimated 44 days since infection and from 

3.80E-07 to 0.021 after an estimated 249 days since infection. 

 

3. Examination of between-host clusters detected above the optimal cut-off 

Two more clusters were detected just above the selected patristic distance thresholds. A 

putative between-host cluster was detected in the gt1 data, containing sequences from subjects 

247 and 418 (designated as Cluster D, Figure 1 in main article text), with a median pairwise 

patristic distance of 0.149 (0.05 above the cut-off). Similarly in the gt3 data, a putative between-

host cluster was detected consisting of sequences from subjects 089 and 082 (designated as 

Cluster E, Figure 1 in main article text) with a mean patristic distance of 0.246 (0.051 above the 

cut-off). No prison co-location episodes were found for the two subjects in Cluster D (Technical 

Appendix Table 1). For putative cluster E, subject 082 was identified as a possible source of 

transmission and was estimated to have become viremic with gt3 on June 09, 2006. Subject 082 

was co-located with subject 089 in a prison for 14 days (August 27 until September 4, 2006), but 

denied injecting and sharing of injecting equipment during the period of co-location, while 

subject 089 reported otherwise. An estimated 12 months after co-locating with subject 082, 

subject 089 was found to be viremic with HCV gt3. 
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Technical Appendix Table 1. Between-host clusters appearing above the optimal threshold 

Cluster Transmission 
Period of co-
location Prison ID 

Est. date of 
infection Genotype Sex ATSIa 

Continuously in 
prisonb IDUc 

Equipment 
sharingd OSTe Heroinf 

D 247  418 No co-location N/A 247 17/11/06 1a M Yes No No No No Yes 

    418 14/01/08 1a F No Yes No No Met a No 

E 082  089 27/08/06 - 
04/09/06 

AD 082 09/06/06 3a M No Yes No No No No 

    089 29/09/07 3a M No Yes Yes Yes No No 

a Aboriginal and/or Torres Strait Islander descent. b Continuously in prison 6 months prior to estimated date of infection. c Injecting drug use during the period of co-location. d Sharing injecting 
equipment during the co-location period. e Opioid substitution therapy during the period of co-location. f Injecting heroin during the period of co-location. 
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Technical Appendix Table 2. Distribution of movements between prison locations and release from prison to the outside 
community of subjects from the HITS-p cohort during the study period 

Group Movement Min Max Mean Median 
Standard 
deviation 

25th 
percentile 

75th 
percentile 

HITS-p Movements a 1 65 17.22 14 12.10 8 24.50 
(n=498) Transfers b 1 56 13.98 11 10.47 6 19 

 Release c 0 15 3.44 3 2.46 2 5 

Uninfected Movements 1 62 14.85 12 10.78 6 22 
(n=317) Transfers 1 50 12.14 10 9.44 5 18.25 

 Release 0 15 2.94 2 2.08 2 4 

Total incident cases Movements 2 65 21.44 19 13.11 12 30 
(n=181) Transfers 2 56 17.25 16 11.36 9 23 

 Release 0 14 4.32 4 2.82 2 6 

Incident cases excluded Movements 2 65 21.01 19 12.80 11.25 29 
(n=102) Transfers 2 55 16.99 16 11 9 23 

 Release 0 14 4.18 3 2.82 2 `6 

Study cohort Movements 3 63 22.01 18 13.55 12 30 
(n=79) Transfers 2 56 14 17.59 11.89 8.25 24 

 Release 0 14 4.50 4 2.83 2.25 7 

Cluster members Movements 12 58 28.86 30 15.75 17 34 
(n=7) Transfers 8 45 23 22 12.70 14.5 28.5 

 Release 1 13 5.86 4 3.89 4 7.50 
a Movements across different prisons excluding prison visits less than 24 hours and including release to the outside community. b Transfers from one 
prison to another prison. c Release from prison to the outside community. 
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